Nitrate pollution is a worldwide problem in groundwater, as it may limit water supply and increase health risk when high concentrations are present. The North Maresme coastal alluvial groundwater-dependent agrosystem, one of the most heavily nitrate polluted aquifers in Spain, is located 70 km northeast from Barcelona. Field monitoring campaigns performed in this aquifer yielded nitrate concentrations up to ten times the permitted limit for drinking water suggested by the World Health Organization (50 mg/l), with a maximum concentration of 567 mg/l and a mean of 137.5 mg/l. Nitrate contamination was quantified by means of a mass balance, taking into account the main hydrogeological and anthropogenic processes that control the behavior of this ion in the aquifer, such as recharge, groundwater extraction, irrigation and fertilizer application to crops. Nitrate balance is an integrative approach for assessing nitrate loading based on linking different sources of nitrates to a groundwater balance. This methodology considers nitrate as a conservative ion because the geological-geochemical medium behaves under oxidant conditions. Results show that the studied aquifer system receives, yields and retains approximately 935, 844 and 91 tons of NO 3 -/year, respectively. This methodology can be applied to other nitrate-contaminated aquifers with similar conditions to improve management of fertilizers practices in areas of intensive agriculture.
Introduction
Groundwater is a fundamental component of the hydrologic cycle. Due to its characteristics of storage, circulation, origin and collection, it is generally considered a secure, reliable and economic source of water supply for a variety of uses, which range from urban supply to agricultural uses. Aquifers are, however, subject to anthropogenic impacts, including contamination. Different chemical compounds bring different concerns. Nitrogen (N) is particularly interesting, as N inputs in groundwater systems may stem from a variety of activities. For instance, nitrogen input is often perceived as essential to underpin agricultural practices (Crawford, 1995; Pang and Letey, 2000) . Excessive N fertilizer application is thus, common in intensive vegetable and fruit producing areas (Ju et al., 2006) . Other sources of nitrogen include animal manure and pollution from septic and sewage discharges.
Nitrogen presents different oxidation states, being nitrate the most stable form. Many studies have shown high correlation between agriculture and high nitrate concentrations in groundwater (Oakes and Young, 1981; Bundy et al., 1994; Voudouris et al., 2004; Torr, 2009) . Extensive use of fertilizers is considered to be the main source of nitrates that reach groundwater worldwide (Almasri, 2007; Darnault et al., 2005; Carey et al., 2009) . However, nitrate pollution is not restricted to rural areas; untreated sewage of urban areas is characterized by high contents of NH 4 + . When filtration takes place, this compound is oxidized to NO 3 -in the subsoil and may enter directly into the saturated zone of aquifers (Foppen, 2002) .
Nitrate is a soluble and negatively charged ion and thus, has high mobility and leaching potential from the unsaturated zone (Joekar-Niasar and Ataie-Ashtiani, 2009 ). This process is a complex interaction of many variables such as land use practices, on-ground N loading, groundwater recharge, soil nitrogen dynamics, soil characteristics and depth to the water table (Herbei and Spalding, 1993; Chesnaux and Allen, 2008) . Further complexity is added by temporal variations in the behavior of these parameters. Usually, nitrate undergoes a denitrification process in the unsaturated zone, depending on the properties and prevailing conditions (Ryan, 1994; Kim and Burguer, 1997; Puckett et al., 1999; Sanchez-Perez et al., 1999; Foppen, 2002; Singleton et al., 2007; Gates et al., 2008 (Laegreid et al., 1999) .
The aims of this paper are: (1) to perform a groundwater mass-balance budget in order to evaluate dissolved nitrate contamination in a heavily polluted aquifer of the region; and (2) to improve the hydrogeological conceptual model of the system in order to assess nitrate loading. The application of this methodology links water budget components to the nitrate mass balance as nitrate sources. It uses general considerations related to transport and conservation of nitrate, in order to differentiate the magnitude of N sources and establish priorities in the control of these sources in the area.
Study area
The Maresme aquifer is a 5 km long coastal strip located 70 km northeast of Barcelona, Spain (Figure 1 ). The aquifer consists of pervious alluvial and coastal sediments bounded from north to southwest by impermeable materials of the Catalonian Mountain Range, and to the southeast by the Mediterranean Sea. The Maresme aquifer comprises four municipalities: Calella, Santa Susanna, Pineda de Mar and Malgrat de Mar, all with a strong agricultural tradition.
The geological setting is dominated by detrital Quaternary sediments from transient streams, erosion of the granitic basement and transitional deposits of coastal terraces and beaches. The northern part of the area bounds with the Catalonian Range and consists of granite and posttectonic granodiorites between Calella and Santa Susanna, and Paleozoic materials (slate, limestone and inter-bedded detrital sand-clay materials) from Santa Susanna to Malgrat. Upper Cambrian and Ordovician slates constitute the oldest materials in the study area (Figure 2 ).
The conceptual model has been described by Custodio (1982) , Guimerà and Candela (1989) , Guimerà (1992) , Guimerà et al. (1995) , and Guimerà (1998) . The aquifer extends over an area of 12 km 2 and consists of an unconfined Figure 1 . Location of the study area. Satellite image from Landsat Geocover (Global Land Cover Facility) ETM+2000 Mosaics original rights USGS.
layer of granular deposits (medium sand, gravel with scarce silt-clay matrix and altered felsic rocks). Along the coast, lithology is represented by coastal terraces and beaches composed of medium sand and poorly consolidated gravels ground by the sea. The alluvial plain and the coast are hydraulically connected and behave as one hydrogeological unit. Depth to water table varies from 7 to 16 m in the alluvial zone (near the contact with the Catalonian Range) to 4 m close to the coast. Saturated thickness is approximately 10 m. The aquifer is underlain by an aquitard that consists of randomly distributed silty lenses embedded in a clay matrix. This unit is 30 m thick, its distribution and in-depth geometry has received little attention. Finally, the bedrock is composed of granite and granodiorite rocks. The depth at which the basement can be reached is variable, ranging from 5 to 10 m in the north and northwestern zones to 20-25 m near the coast. The top of the bedrock unit consists of a 5 m thick sandy layer that may allow groundwater circulation.
Materials and Methods

Hydrogeological data collection
A variety of bibliographic and cartographic sources were consulted prior to field work. These included thematic mapping, existing research projects of the South and North Maresme area (Villarroya, 1986; Guimerà, 1992) , scientific papers and different monitoring reports (Da Costa and García, 1990; Villabona and Jimenez, 1998; De Miguel and Payer, 2002) .
Hydrogeological data was collected through five field campaigns carried out between February and May of 2004. Thirty-three large-diameter (1-3 m) partially penetrating wells and one spring were identified. A database was generated with information on water table level, well depth, casing diameter, and approximate extraction flow rates in order to select the best sites for hydrogeochemical sampling. Field data was used to estimate hydraulic head (referred to mean sea level) in order to determine the potentiometric surface of the aquifer.
Spatial distribution of hydraulic conductivity
Due to problems of pumping tests associated with large diameter partially penetrating wells, the spatial distribution of hydraulic conductivity (k) was estimated from the specific capacity of wells (q). Custodio and Llamas (1983) state that in small diameter wells (between 0.1 and 0.5 m), transmissivity (T) is approximately 1.4 times the specific capacity. Also, it is therefore common to associate the specific capacity directly with the transmissivity parameter, in large diameter wells (> 1 m).
Spatial variation of hydraulic conductivity was analyzed by determining the specific capacity from 17 wells. At a field level, constant flow rate pumping (Q) was carried out. After steady state condition was reached, maximum drawdown (s w ) was measured, and transmissivity and hydraulic conductivity of the aquifer was calculated according to the following equations: The concentrations of major ions were plotted in Piper (Piper, 1944) and Stiff (Stiff, 1951) diagrams. The Piper diagram was modified by adding concentrations of NO 3 -and SO 4 -2 in the field of the anions where usually only HCO 3 -+ CO 3 -2 , Cl -and SO 4 -2 are included, in order to assess the influence of both ions in the composition of groundwater.
Nitrate mass balance in agricultural areas of intensive fertilizer application
43 w s Q T  (1) b T k  (2) where T is the transmissivity [L 2 T -1 ], Q
Groundwater and nitrate mass balance
A groundwater balance of the aquifer was developed to estimate the individual flow and NO 3 -sources of the hydrogeological system. The mass conservation equation was used to determine the storage variation of groundwater in the aquifer:
where I and O represent the water inputs and outputs of the aquifer, and ΔS is the storage variation of the system. The following inputs were considered: (1) recharge from rainfall, (2) contribution from surficial drainage (streams in Santa Susanna and Pineda de Mar), (3) lateral inflows from other hydrogeological units (altered granite), (4) irrigation returns and (5) losses from the supply network. Outputs included (1) groundwater abstraction for urban supply and agricultural use and (2) groundwater discharge into the Mediterranean Sea.
The annual flow that surface streams yield to the aquifer and the natural discharge into the Mediterranean Sea were estimated by applying Darcy's Law (Darcy, 1856) . On the other hand, recharge estimations were performed by means of a hydrometeorological analysis based on a 20 year series of daily precipitation and temperature data. This information was used to estimate the potential evapotranspiration (ETP) using Thornthwaite's method (Thornthwaite, 1948) . Because no hydrometric data from main streams was available, rainfall infiltration was estimated as the difference between annual precipitation and annual ETP applied to the net infiltration aquifer extent (omitting impermeable urban areas), and taking into account the capacity of the soil to infiltrate and retain water as estimated by Guimerà (1992) . Field capacity, initial moisture content, mean thickness of soil cover, permanent wilting point and lamination value were considered in the above mentioned calculation.
The second part of the mass balance analysis was performed to determine the nitrate loading in the aquifer throughout time (equation 4). Nitrate is assumed to behave as a conservative ion because the geological-geochemical medium presents oxidant conditions (Guimerà, 1992 (Guimerà, , 1998 Vitòria et al., 2003) :
where I and O represent the NO 3 -ion inputs and outputs of the aquifer, and ∆NO 3 -represents the nitrate storage variation in the system.
The following inputs were considered: (1) incorporation of nitrate by fertilizers, estimated from the amount of inorganic N (derived from fertilizers) necessary and/or recommended for each type of crop (De Miguel and Payer, 2002) and the cultivated extent for each crop in the study area as provided by the corresponding Municipal Delegations, (2) mineralization and nitrification, including the production of NO 3 -from the soil's own oxidizing condition, estimated from a nitrification rate obtained experimentally in the study area by Guimerà (1992) , (3) content of NO 3 -by irrigation returns to the aquifer, estimated as the product between irrigation returns and the mean concentration of nitrate obtained from groundwater sampling, (4) potable water and sewage network losses, and (5) nitrate incorporation by rainfall infiltration. All inputs were estimated as the product of the water volume of each input previously calculated from the groundwater balance, times the representative nitrate concentration of each term reported and communicated by Guimerà (1992 Guimerà ( , 2004 .
Outputs included were: (1) NO 3 -crop uptake, estimated by the percentage of N lost by leaching and the percentage retained by crops, using the assumptions developed by Custodio (1982) and applied by Guimerà and Candela (1989) , and (2) extractions of NO 3 -by groundwater abstraction, estimated by multiplying the annual average of groundwater extraction, times the mean NO 3 -concentration obtained from sampling. Natural attenuation by denitrification was considered negligible due to the oxidizing nature of the environment. Calculation details for each input and output will be further discussed in section 4.3.
Results and Discussion
Spatial distribution of hydraulic conductivity
According to the field campaign carried out, the potentiometric surface for May 2004 is depicted as a set of equipotential curves parallel to the coastline with a primary northeast-southwest orientation. A progressive decrease in hydraulic head is observed from the recharge area in the mountains to the coast, from 25 to 1 masl (Figure 2) . Hydraulic gradients are smoother in the coastal sector (0.004 m/m), corresponding to the higher hydraulic conductivity areas (Figure 3) . Conversely, the gradient is steeper in the lower permeability areas.
Natural groundwater discharge to the Mediterranean Sea occurs between Calella and Pineda de Mar, having a preferential northwest-southeast direction as opposed to what occurs between Santa Susanna and Malgrat, where hydraulic heads are below sea level (-0.9 m). This is interpreted as an elongated pumping cone which can be inferred from intensive groundwater extraction. This causes groundwater flow to converge towards the center of the depression cone and prevents natural discharge to the sea in this area.
Based on hydraulic conductivity and transmissivity values ( Figure 3 ) the aquifer was divided into three zones as per the conceptual groundwater flow model previously described. Zone I corresponds to the strip that runs parallel to the coastline. This area presents high hydraulic conductivities (50 and 200 m/day), corresponding to transmissivities on the order of 500 to 2000 m 2 /day. Zone II presents a moderate hydraulic conductivity corresponding to the transition zone between the coastal and alluvial sediments. Permeability for this sector ranges between 10 and 70 m/day, equivalent to transmissivities between 100 and 700 m 2 /day. Finally, zone III shows low hydraulic conductivity values and is associated with the higher topographic area. Permeability ranges between 5 and 10 m/day, corresponding to transmissivity values of 50 to 100 m 2 /day. Table 1 shows results of hydrogeochemical analyses of sampled wells. An electrical error balance between 0.01 and 6.3 % (mean value = 3.98 %) suggests that no major elements were missing from the chemical analysis. Areas with maximum NO 3 -concentrations are located towards the center and northeastern side of the coastal strip, with extensions of 1.25 and 0.69 km 2 , respectively ( Figure 3 ). These are best described as two semi-elliptical pollutant plumes of anthropogenic origin. -2 in the alluvial zone, which in turn is subject to agricultural activities.
Hydrogeochemistry
Nitrate concentration of groundwater range between 32.4 and 567 mg/l, with an average of 137.5 mg/l (over 10 times the allowable limit for drinking water established by the World Health Organization). Only one out of the sixteen samples had a nitrate concentration below the limit (32 mg/l).
On the other hand, there is a strong correlation between NO 3 -and SO 4 -2 (Figure 4a ). This implies that sulfates sources are mostly agricultural practices. Ammonium sulfate [(NH 4 ) 2 SO 4 ] is an inorganic salt contained in soil fertilizers. It has 21 % nitrogen as ammonium cations and 24 % sulfur as sulfate anions. Sulfate anions are easily washed out by rainwater and excess irrigation, favoring infiltration through the unsaturated zone.
The modified Piper diagram (Figure 4b) shows three hydrochemical facies. These can be associated with the degree of nitrate contamination of the aquifer: (1) Ca 2+ -HCO 3 -facies, found at the recharge zone (sample SA-19); (2) (NO 3 -and/or SO 4 -2 ) Ca 2+ -HCO 3 -facies, found in samples taken at topographic highs and also in transitional groundwater zones between the alluvial plain and the coastal line; and (3) Ca 2+ -NO 3 --SO 4 -2 -Ca 2+ facies, located in the coastal strip, where the degradation of the quality of the aquifer is highly associated with intense agricultural activity.
Besides agriculture, there are hydrogeological factors involved with the presence and distribution of NO 3 -concentrations in the area. Higher nitrate concentrations are found at the most superficial levels of the saturated zone. These are controlled by lower hydraulic heads and shallower well depths. In consequence, nitrate concentrations seem to be stratified in the saturated zone, within the first two meters, in wells no deeper than 10 m.
Presence and distribution of nitrates are associated with water table fluctuations of the aquifer. Two main processes were identified. As noted in Figure 5a (well SA-19), an increase in the concentration of both nitrate and sulfate ions is observed, as hydraulic head rises over a non-continuous period of 14 years. This process suggests NO 3 -SO 4 -2 ions present in the vadose zone are incorporated into the aquifer as the water table rises. Well SA-26 (Figure 5b) shows similar behavior from 1990 to 2002. For the next two years, however, the trend is inverted, attributed to the effect of recharge periods.
Nitrate mass balance
Several sources of nitrate were analyzed and estimated considering annual average values for each element. This was done by means of the mass balance, which allows computing the total amount of nitrate that the aquifer yields and receives per year. Figure 6 shows the results of the groundwater balance with all the components considered. Inputs and outputs of NO 3 -are illustrated in Figure 7 .
Inputs
Addition of nitrate by fertilizers and addition of nitrogen compounds by agrochemicals is the most important term of the nitrate balance, as determined by a positive relation with agricultural land use (Oakes and Young, 1981; Kolpin, 1997) . This term was estimated from the amount of inorganic N (derived from fertilizers) necessary and/ or recommended for each type of crop and the cultivated extent for each crop in the study area. As shown in Table  2 , the amount of inorganic N applied to agricultural fields is 3255 kg of N/year/ha (De Miguel and Payer, 2002) . The different types of crops in the study area and their respective crop surface were provided by the corresponding Municipal Delegations (Table 2 ). It was estimated that for each metric ton of N applied, 4.42 t of NO 3 -/year are produced and have the potential to be incorporated into the aquifer.
Total extent of cultivated land is 796 ha where an estimated total of 153 t of N/year were applied through the use of fertilizers, equaling a total of 677 t of NO 3 -that can be incorporated into the aquifer. Custodio (1982) , Guimerà and Candela (1989) reported a mean input value of 1000 kg of N/year/ha due to the Nitrate mass balance in agricultural areas of intensive fertilizer application 47 application of fertilizers in the Catalonia coastal aquifers, including the Maresme hydrogeological system. Similarly, Ju et al. (2006) studied the annual N budget and groundwater nitrate-N concentrations in three major intensive cropping systems in Shandong province, north China. These authors reported values of N inputs from fertilizers of 1358, 661 and 553 kg of N/year/ha, respectively. As noted, the North Maresme aquifer system represents 3.2 and 2.4 times of the compared N inputs respectively, which shows that the studied area has a significantly increasing overburden of fertilizers.
The second most important term is mineralization and nitrification. This considers the production of nitrates from the oxidizing conditions in soils. In the region soils have a density of 1.56 t/m 3 , an average thickness of 0.65 m, and a nitrification rate of 18 mg of NO 3 -/kg/year. According to these values obtained experimentally by Guimerà (1992) , nitrification can provide a total of 145.28 t/ NO 3 -/year for the 796 ha of cultivated land in the study area.
In order of importance, irrigation returns is the third nitrate input into the aquifer. According to data supplied by the Municipal Delegations and the hydrogeological balance carried out in this research, 20 % of the water allocated for irrigation (2.23 Mm 3 /year) returns to the aquifer as direct recharge. This represents a total volume of 0.44 Mm 3 . Since groundwater is used for irrigation, the mean concentration of 137.5 mg/l of NO 3 -obtained from the groundwater sampling campaign was used to calculate the total amount of nitrates for this input, which yields 60 t of NO 3 -/year. This is assumed to percolate into the aquifer.
The following term of nitrate input into the aquifer is the leakage from drinking water and sewage networks. Although water flowing through the drinking water network is considered to be drinkable, it still has a slight concentration (about 10 mg/l) of dissolved NO 3 - (Guimerà, 1992 (Guimerà, , 2004 -oral communication, Barcelona, Spain-). - (Guimerà, 1992 , 2004 . Considering that leakage in the sewage system is approximately 15 % (data provided by the Municipal Delegations), an equivalent volume of 0.53 Mm 3 /year returns to the aquifer. Such volume represents 42 t of NO 3 -/year based on the above mentioned nitrate concentration for waste water. Both leaks in the potable water supply and sewage networks account for a grand total of 51.8 t of NO 3 -/year. The least important nitrate input into the aquifer is the incorporation of this ion by rainfall infiltration. According to climate records of the region and soil conditions, the mean annual recharge from rainfall infiltration was determined to be 1.20 Mm 3 /year over the full area of 8.2 km 2 considered for the groundwater balance. Guimerà (1992) obtained results showing concentrations of 1 mg NO 3 -/l in the local rainwater; using this concentration, a total of 1.20 tons of NO 3 -/year were calculated.
Outputs
Nitrate uptake from crops was estimated with assumptions developed by Custodio (1982) and applied by Guimerà and Candela (1989) . In order to estimate the percentage of N lost by leaching, this methodology compares the ionic ratio rSO 4 -2 /rNO 3 -of the applied fertilizer (R1) and groundwater composition (R2), considering that the main source of both sulfate and nitrate ions is the fertilizer application. Sulfate is not retained by the soil and is lost through leaching. Therefore, R1/R2 ratio indicates the percentage of leached N, while 1-(R1/R2) is the percentage retained or used by crops. According to the composition of the most widely used fertilizers in the region, the incorporation of NO 3 -to crops is represented by R1 = 0.37 (Custodio, 1982, Guimerà and Candela, 1989) . In turn, R2 was obtained directly from the ionic relation rSO 4 -2 /rNO 3 -, using the mean concentrations of sampled groundwater. This results in a R2 value of 1.72. This means that out of the total 677 tons of NO 3 -/year entering the aquifer by fertilizers application, 79 % (537 tons of NO 3 -/year) is retained by the crops, and 21 % of N is lost through leaching. This 21 % represents the excess of fertilizer applied in the studied agricultural zone.
Nitrate ion extraction due to groundwater pumping was considered as another output term. According to the results of the hydrogeological balance performed in this research, the annual average of groundwater extraction amounts to 2.23 Mm 3 /year. Based on the mean NO 3 -concentration obtained from the groundwater sampling, a nitrate output of 307 tons NO 3 -/year was calculated. Finally, attenuation was considered negligible due to the oxidizing nature of the environment (Guimerà, 1998; Vitòria et al., 2003) . Adsorption was also considered negligible for practical purposes.
Nitrate storage
Based on equation (4) 
Conclusions
Nitrate contamination was characterized for the North Maresme aquifer (Barcelona, Spain) through a mass-balance assessment of both hydrogeological and hydrogeochemical conditions of the system. Those wells with reliable piezometric records since 1990 show a slight and gradual rise of the water table of around 0.5 m for the coastal strip and the transition zone that is consistent with positive regional storage variation.
Hydrogeochemical facies vary in composition from Ca 2+ -HCO 3 -to Ca 2+ -NO 3 --SO 4 -2 -Ca from recharge zone to the coastal strip. This indicates a gradual degradation of groundwater quality and can be explained by the inclusion of N compounds to the saturated zone through an indiscriminate application of fertilizers in agricultural fields.
The main analysis tool used in this research was a nitrate balance. This is an integrative approach to assess nitrate loading by linking different sources of nitrates to a groundwater balance. This methodology considers nitrate as a conservative ion, since the geological-geochemical medium behaves under oxidant conditions. Results show that the Maresme aquifer system receives, yields and retains approximately 935, 844 and 91 tons of NO 3 -/year, respectively.
This methodology can be applied to other nitratecontaminated aquifers with similar conditions, to improve management of fertilizers practices in agricultural areas.
This paper contributes to mass balance approach methodologies, as there is a great need to perform this kind of studies of agro-ecosystems at various scales to better understand the role of ground water as a reservoir and/or sink for N in the environment. Finally authors recommend integrating the proposed methodology with other N mass balance approaches, and furthermore, with N fate and transport modeling (Nolan et al., 2010) in order to improve management of fertilizers practices in agricultural areas.
